Abstract. The paper presents the results of experimental analysis features of rotation of two unbalance vibration exciters that excite oscillations of a chain-type two-mass oscillatory system in order to identify stability of synchronous modes of the debalances rotation near the system resonances (in application to analysis of resonant vibrating machines dynamics). Experimentally obtained amplitude-frequency characteristics of the model, velocities and mutual phase shift of rotation of the debalances are analyzed. Areas of stable synchronous rotation of the debalances and types of their self-synchronization are revealed as dependence of both the frequency of voltage supplying to the electric motors and the imbalances value. It is shown that when approaching the resonant frequencies, both the debalances rotational speeds and their mutual phasing appear to be unstable.
Introduction
The effect of self-synchronization of unbalance vibro-exciters is widely used in vibration excitation systems for various technological vibrating machines with several exciters [1] [2] [3] [4] [5] [6] [7] [8] . In the same system, types of synchronization of the debalances can be different depending on the design parameters of the machine, oscillations excitation frequency and technological load, with the frequency of their synchronous rotation and the phase relationship being different [1, 2, 6] . Note that, the type of the debalances synchronization determines the vibrational excitation and, consequently, the shape of the system oscillations. At the same time, the oscillations shape determines the debalances synchronization type. Thus, the problem of how to provide the required type of vibration exciters synchronization at given oscillation modes (amplitude, frequency, and shape of oscillations) appears to be one of the main problems while creating highly efficient and reliable vibrating machines.
The literature devoted to theoretical analysis of self-synchronization of unbalance vibro-exciters in various mechanical systems is quite extensive [2, [9] [10] [11] [12] [13] [14] [15] [16] [17] . The general theory of unbalance vibro-exciters self-synchronization and the methods to solve basic problems of self-synchronization have been developed in [1-3, 5, 6, 9, 10, 13] . The problems of self-synchronization of two exciters in single and multiple degree-of-freedom systems are considered in [2, 7, 8, 11, 13, [15] [16] [17] , and the conditions for existence of synchronous rotation modes for single-mass and two-mass oscillatory systems are obtained. The works [7, 8, 15, 16] are devoted to analysis of the conditions for the self-synchronization of exciters and the choice of design parameters and operating modes of oscillation excitation for some practical designs of vibrating machines. Some experimental results on the study of self-synchronization in single-mass and two-mass dynamic schemes of vibrating machines are presented in [2, 18] , confirming the main theoretical results obtained in [2] . It is shown that the type of synchronization changes when the system passes through the resonance frequencies.
At the same time, for resonant machines with automatically controlled oscillation modes, it is of considerable interest to analyze synchronous motion regimes in resonant regions. In these regions, the system with an asynchronous electric drive most shows the features of nonlinear behavior to the utmost, which is caused by occurrence of relatively large oscillation amplitudes [2, 7, 8, 16, [18] [19] [20] . Some control systems for automatic adjustment and maintenance of resonant oscillations, which operating principle is based on measuring the phase relations between the exciting force and the oscillations, are considered in [19, 20] . Herewith, as shown in [20] , neglecting the features of self-synchronization of exciters in control algorithms does not allow predicting the frequency of jump to the above-resonant region. Thus, one should either reduce the adjustment accuracy or increase the number of necessary measurements and their processing, which significantly complicates the measuring system and reduces its performance. The speed and efficiency of control algorithms can be significantly increased by taking into account the features of vibration exciters synchronization.
This work is devoted to experimental dynamics analysis of a two-mass chain-type oscillatory system with two almost identical unbalance vibration exciters driven by asynchronous electro motors. The dynamical scheme under consideration corresponds to a number of machines which are practically used for crashing, screening, transportation, and some other technological operations [2-4, 7, 8, 15] . Such studies are necessary since the existing literature provides no data concerning the instability of self-synchronization of unbalance exciters in a wide range of excitation frequencies, and especially near the resonances. To reveal the main features of the dynamics of such systems, the authors analyze the rotational speeds and the angles of the mutual phasing of the debalances at different excitation frequencies of the oscillations and at different values of the imbalance. Their rotational speed is controlled by changing the frequency of voltage supplied through the inverter to the winding of the induction motors with a squirrel-cage rotor.
Experimental model
The experimental model, Fig. 1 , is a two-mass chain-type system consisting of two movable rigid bodies: the upper body 1 of mass imitating the working body of a vibrating machine including an operational load, and the lower body 2 of mass . Two identical motor-vibrators 3 are rigidly attached to the lower body, symmetrically about the vertical axis Oy passing through its center of mass ( includes masses of the motor-vibrators).The bodies are connected to each other by a cylindrical helical spring 4, the body 2 is connected to the rigid frame 5 by means of the same two springs 6, and the body 1 is connected to the rigid frame 5 by means of two leaf springs 7. The rolling bushings 8 are attached to the edges of each body, and are able to move along the cylindrical rail guides 9, fixed parallel to each other on the frame 5. Thus, each body can move translationally only in the vertical direction along the axis Oy parallel to the longitudinal axes of the cylindrical guides 9. Fig. 2 shows a design scheme corresponding to the model. 
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Each of the motor-vibrators of asynchronous type has squirrel-cage rotor with two pole pairs, i.e. the synchronous speed is twice less than the frequency of the supply voltage. There are identical disks with additional debalances installed eccentrically at both ends of the shaft of each motor-vibrator. The additional debalances are in the form of one, two or three bolts, which ensures three different imbalance values: 57, 223 and 453 gr•mm for each of the disks. Both motor-vibrators are powered by a single inverter, which allows for the debalances rotational speed to be controlled by changing frequency of the supply voltage. Moreover, the motor-vibrators are connected to the power supply so that when the supply voltage is applied, the motors' shafts rotate in opposite directions, towards each other.
The model has the following values of main parameters: = 2.63 kg, = 4.57 kg, = 35.7 kN/m, = 71.4 kN/m, = 2.6 kN/m, nominal speed of the motor-vibrators is 1340 rpm at 50 Hz supply frequency; nominal torque is 649×10 -4 Nm; maximum torque is 970×10 -4 Nm. Accelerometers 10 and 11 ( Fig. 1) , fixed at the bodies 1 and 2, are used for measuring oscillations. Averaged rotational speed of the debalances and their angular position are measured by optical encoders 12, which generate electrical impulses when the debalances are in their upper position.
Experimental methodic
Experimental methodic is to determine the amplitude-frequency responses of the system by vibration signals measured by accelerometers; to define the relations between the frequency of the supply voltage and the debalances rotational speed; and to determine the debalances relative angular position measured by the encoders depending on the power supply frequency. These characteristics were obtained with a discrete change in power supply frequency in the range from 20 Hz to 75 Hz, and, accordingly, change in the debalances rotational speed in the range from 10 Hz to 37.5 Hz. In order to identify possible non-linearities of the system, the experiments were carried out at both increasing and decreasing speed of the debalances, as well as at various values of motor-vibrators imbalance. The frequency step was 0.5 Hz. In the range of the first resonance frequency, it was decreased to 0.1 Hz. The duration of each frequency step ensured achievement the steady oscillations of the system. Thus, the necessary accuracy of the investigated characteristics was achieved.
Oscillation forms of the system were determined by comparison of phases of the bodies oscillations. The mutual shift of the debalances rotation phases was measured by a time interval between the pulses from the optical encoders of each motor-vibrator. The tests were repeated for three different values of the imbalances.
For measurement and test control, a software-hardware complex, based on the NI-cRIO real-time controller and LabVIEW software, was developed. The complex allows increasing or decreasing, according to the predetermined law, the power supply frequency applied to the motors, registering the measured signals, as well as their further processing in order to determine the amplitudes and frequencies of oscillations, the debalances rotational speed, calculate the relative rotational angle between debalances, and build the frequency response. Fig. 3 shows the amplitude-frequency responses of the upper (curve 1) and the lower (curve 2) bodies, obtained with increasing ( Fig. 3(a) ) and decreasing ( Fig. 3(b) ) rotational frequency of the debalances at maximum imbalance. It is clear that there are two resonance frequencies at 14 Hz and 27.6 Hz in the investigated frequency range. And with increasing frequency, there are jumps in amplitude and frequency from 14 Hz to 14.4 Hz when passing through the first resonance, and from 27.6 Hz to 32.8 Hz when passing through the second resonance. In case of decreasing frequency, when passing through resonance frequencies, one can observe a sharp increase in the amplitude of the oscillations and a jump in their frequency from 27.4 Hz to 26.7 Hz when passing through the second resonance, and from 14 Hz to 13.7 Hz when passing through the first resonance. Jumps in the amplitudes and frequencies of oscillations indicate the manifestation of nonlinear properties of the system under consideration due to interaction with an asynchronous electric drive of the unbalance exciters. 1 -at maximum imbalance, 2 -at medium imbalance, 3 -at minimum imbalance When comparing the recorded oscillograms of the bodies oscillations at resonant frequencies it was found that they oscillate in phase at the first resonance frequency, while at the second resonant frequency the oscillation form corresponds to their antiphase motion. Simultaneously with determination of the amplitude-frequency responses and the oscillations forms of the model, the rotational speed of the debalances was measured. Fig. 5 demonstrates graphs of the debalances rotational speed depending on the frequency of the supply voltage: increasing frequency (curve 1), decreasing frequency (curve 2), at maximum imbalance. Resonant areas, indicated by dashed rectangles, are represented on the same graph on an enlarged scale. It can be seen from curve 1 that near the resonance frequencies of the system oscillations, the rate of change in the rotational speed slows down. And this deceleration is more noticeable near the second resonance frequency. In other words, near the second resonance the motors speed get jammed, when the motor speed practically remains unchanged with increasing power supply frequency. These deceleration effects are caused by additional "vibrational" torque acting on the motors' shafts due to the system's oscillations, and by slip in asynchronous motors of limited power.
Analysis of the model oscillations
In case of decreasing power supply frequency, the effects of speed jamming appear less distinct. Fig. 6 shows the debalances speed depending on power supply frequency at different imbalances. Fig. 6 . The debalances rotational frequency depending on the power supply frequency:
1 -at maximum imbalance, 2 -at medium imbalance, 3 -at minimum imbalance It is seen that in the regions of both resonances, an increase in the imbalance leads to a substantial expansion of the jamming zones and, correspondingly, jumps in the motors rotational frequency to above-resonant region. This is due to a corresponding increase in the oscillations amplitudes, which in turn lead to an increase in vibrational torque and in the energy dissipation in the system. As a result, it becomes harder to overcome resonance with the same motors. With minimal imbalance, the effect of the debalances speed jamming is not appeared. The presented here characteristic effects of the debalances speed jamming, as well as the abrupt changes in the frequency and amplitude of the system's oscillations, are manifestations of the so-called Sommerfeld effect typical for nonlinear systems with a drive of limited power [1, 21, 22 ]. Fig. 7 shows the measurement results of mutual phase shift between the left-hand-side debalance and the right-hand-side debalance depending on power supply frequency with its slow increase for different imbalances. Each point on the graph corresponds to the magnitude of the mutual phase shift Δ measured successively through one complete turn of the left-hand-side debalance. Thus, the height of "column" of points characterizes the change in mutual phase at a given power supply frequency, and accordingly, the degree of synchronism of their rotational speeds -the smaller the height of the "column", the closer the debalances' rotational speeds to each other. When Δ = 0°, the debalances rotate in opposite directions synchronously in phase, while at Δ = 180° the debalances rotate synchronously in antiphase.
Analysis of the debalances mutual phasing
In case of maximum imbalance ( Fig. 7(a) ) no synchronization of the debalances is noticed in the frequency range of 20-25 Hz (before the first resonance), which is due to small oscillations amplitudes of the lower body carrying the exciters. The amplitudes increase as coming closer to the first resonance. This helps setting the type of self-synchronization with mutual phase shift Δ near 0° and strictly vertical excitation. Moreover, the closer to the resonant frequency, the smaller is the height of the "columns", i.e. the higher the degree of synchronization. When passing the first resonance, immediately after the jump in frequency and amplitudes, one can notice an abrupt change in type of self-synchronization of the debalances (Δ ≈ 180°). For such debalances mutual phasing the vertical excitation disappears, while a torque and horizontal force appear, which are taken up by rail guides. With a further increase in power supply frequency up to a frequency (approximately 42 Hz) corresponding to the antiresonance frequency of the system, the mutual phasing changes chaotically. After this frequency, an increase in oscillations amplitudes of the system is observed, and the phase shift stabilizes near Δ = 0°. At the same time, the height of the "columns" decreases up to a certain value of the power supply frequency, but just before the jump takes place, the "columns" grow, which indicates that the debalances rotate more unevenly. When passing the second resonance, immediately after the jump, the mutual phase shift changes by 180°, and stabilizes near this value with a further increase in the power supply frequency. The vertical excitation disappears again.
In case of medium imbalance ( Fig. 7(b) ), when coming closer both to the first and to the second resonance, stable synchronization of debalances with the phase shift near 0° occurs at noticeably higher power supply frequency than in case of maximum imbalance. This behaviour is associated with the value of the excited oscillation amplitudes, which significantly affect the synchronization conditions. When approaching the second resonance, the height of the "columns" first decreases, but it noticeably increases immediately before the jump. After the second resonance, the phase shift stabilizes near 180°.
In case of minimal imbalance (Fig. 7(c) ), stable synchronization with the phase shift of about 0° is observed only in a relatively narrow frequency band near the second resonance, which is also due to the amplitudes of the oscillations excited. No stable synchronization of the debalances is observed up to 52 Hz of power supply frequency. When passing through the second resonance, the phase shift abruptly changes by about 180°, and then stabilizes near this value. 1 -at maximum imbalance, 2 -at medium imbalance, 3 -at minimum imbalance
Conclusions
The experimental researches have shown that, despite the linearity of the system resilient member characteristics, the oscillating system demonstrates features of a nonlinear system. Such behavior results from the fact that moment characteristics of the asynchronous motors of the unbalance exciters are non-ideal. The change in frequency of debalances synchronous rotation leads to different mutual phase shift of debalances. Stable types of debalances synchronization with mutual phase shift near 0° occur when approaching the resonance frequencies of the system. Stability of phase shift increases as the system approaches the resonant frequency. However, just prior to the oscillations jump, unevenness of the debalances rotational speed and instability of the mutual phase shift are appeared. Passing through the resonance is followed by abrupt change in mutual phase shift by approximately 180°. An increase in the exciters imbalance, all other conditions remain unchanged, due to the increase in the system oscillations amplitudes, leads to expansion of the oscillations frequencies range within which the debalances synchronization types remain stable. Moreover, this leads to an increase in power supply frequencies corresponding to the oscillations jumps to above-resonance regions.
The revealed features of vibration exciters self-synchronization near resonance in such systems are usually not taken into account, due to the fact that when solving problems of self-synchronization, as a rule, they are limited to the study of analytical solutions in the first approximation. The resulting stable solutions imply that, at a given frequency of supply voltage, the debalances will rotate evenly with a constant mutual phase shift. However, this is inconsistent with the observed in practice instability of rotational speeds and phase shifts near resonances. Such circumstance is essential for tuning vibratory machines with unbalance exciters to the resonant oscillation mode. 
